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Abstract . Topological defects arise in many condensed matter sysiematand have been extensively studied theoretically as well as experimentally 
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1. Introduction
Wc p re se n t a  b r ie f  re v ie w  o f  to p o lo g ic a l d e fe c ts  in c o n d e n se d  
m a ile r  s y s te m s . In  th e  fo l lo w in g ,  w c  f ir s t  e x p la in  g e n e ra l 
p ro p e rtie s  o f  to p o lo g ic a l d e fe c ts . W e e x p la in  th e  c o n c e p t o f  
to p o lo g ic a l d e fe c ts  in  d e ta i l  u s in g  a s im p le  e x a m p le  o f  a  .string 
defect. T h e n  w e e x p la in  h o w  th e se  d e fe c ts  a rc  p ro d u c e d  in p h a se  
tran s itio n s . W e a ls o  d e s c r ib e  c e r ta in  re c e n t e x p e r im e n ts  w ith  
liq u id  c ry s ta l d e fe c ts  w h ic h  p ro v id e  e x p e r im e n ta l v e r if ic a tio n s  
o f  th e o r ie s  o f  d e fe c ts  fo rm a tio n . It is im p o r ta n t to  e m p h a s iz e  
that th e  su b je c t o f  to p o lo g ic a l d e fe c ts  is h ig h ly  in te rd isc ip lin a ry . 
M ost o f  w h a t w e  d is c u s s  b e lo w  a p p lie s  to  c o n d e n s e d  m a tte r  
sy s tem s as  w e ll a s  to  o th e r  f ie ld s  w h e re  to p o lo g ic a l d e fe c ts  
arise, fo r e x a m p le  in  p a rtic le  p h y s ic s  (w ith  a p p ro p ria te  tran s la tio n  
o f tc n n in o lo g y ) .
It is s im p le  to  e x p la in  th e  c o n c e p t  o f  to p o lo g ic a l d e fe c ts  
u s in g  c o n d e n s e d  m a t te r  s y s te m s  h a v in g  p h a s e  tr a n s i t io n s .  
C o n s id e r  a  s y s te m  w h ic h  c a n  e x is t  in  tw o  d if fe re n t p h a se s , fo r  
ex a m p le  s te a m  a n d  w a te r , s u p e rc o n d u c to rs  w ith  n o rm a l an d  
su p e rc o n d u c tin g  p h a s e s  etc. G e n e ra lly , o n e  d e f in e s  an  order 
parameter, w h ic h  ta k e s  d if f e re n t  v a lu e s  in  d if fe re n t  p h a se s . 
E x is te n c e  o f  to p o lo g ic a l  d e fe c ts  c ru c ia lly  re l ic s  o n  th e  n a tu re  o f  
th is  o rd e r  p a r a m e te r  d e p e n d in g  o n  w h ic h , s e v e ra l k in d s  o f  
to p o lo g ic a l d e fe c ts  c a n  e x is t .
Point defects (monopoles):
l l i e s c  a re  l in y  p o in t l ik e  re g io n s  o f  o n e  p h a s e  e m b e d d e d  in  th e  
o th e r p h ase . L ik e  a  tin y  d ro p  o f  w a te r  in  s te a m  (b u t v e ry  d iffe re n t 
in n a tu re  a s  w c  w ill e x p la in  b e lo w ).
String defects :
T h e se  arc  th in  tu b e  lik e  re g io n s  (^f o n e  p h a se  e m b e d d e d  in th e  
o th e r  p h ase .
Domain walls:
T h e s e  a rc  sh e e t lik e  re g io n s  o f  o n e  p h a se  e m b e d d e d  in  th e  
o th e r  p h a se .
wStrings (d o m a in  w a lls )  a re  c ith e r  c lo se d  lo o p s  (su rfa c e s ) , o r 
th ey  e n d  a t th e  b o u n d a r ie s  o f  th e  c o n d e n se d  m a tte r  sy s te m  (in  
th e  c o n te x t o f  p a r t ic le  th e o ry  m o d e ls  o f  the  ea rly  u n iv e rse , th ey  
can  be in f in ite ly  la rg e ). T h e ir  s tru c tu re  sh o w s  th e  o r ig in  o f  th e  
te rm  ’d e fe c t’. A  d e fe c t re p re se n ts  a  lo c a liz e d  re g io n  o f  o n e  p h ase  
e m b e d d e d  in th e  b a c k g ro u n d  o f  a  d if fe re n t pha.se. T h e se  d e fe c ts  
a r e  to p o lo g ic a l  b e c a u s e  t h e i r  e x i s t e n c e  o r i g in a t e s  f ro m  
to p o lo g ic a l c o n s id e ra t io n s .
A  g iv e n  p ro p e r ly  o f  a sy s te m  is sa id  to  be  o l to p o lo g ic a l 
n a tu re  i f  sm o o th  d e fo rm a t io n s  ( c o n t in u o u s  c h a n g e s )  d o  not 
c h a n g e  th a t p ro p e rly . T o p o lo g ic a l d e fe c ts  a rc  s ta b le  a g a in s t 
s m o o th  d e fo r m a t io n s  ( c o n t in u o u s  c h a n g e s )  in  th e  s y s te m . 
T h is  is w h e re , fo r  e x a m p le , a  to p o lo g ic a l p o in t d e fe c t d if fe rs  
from  th e  e x a m p le  o f  a w a te r  d ro p le t  e m b e d d e d  in  s team . L o c a l 
h e a tin g  c a n  e a s ily  c o n v e r t  th e  w a te r  d ro p le t  to  s te a m  so  th a t 
th e re  is n o  w a te r  le f t  a n y w h e re . O n  th e  o th e r  h a n d , lo ca l h e a tin g , 
o r  o th e r  lo ca l d e fo rm a tio n s  c a n  n o t g e t r id  o f  a  to p o lo g ic a l p o in t 
d e fe c t.
K in k s , o r  d o m a in  w a lls  a re  th e  s im p le s t  to p o lo g ic a l d e fe c ts , 
A  n o n tr iv ia l ,  a n d  p h y s ic a l ly  m o re  in te r e s t in g  e x a m p le  o f
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to p o lo g ic a l d e fe c ts  is a  s tr in g  d e fe c t W e c o n s id e r  s tr in g  d e fe c t 
m a sp e c if ic  sy s tem .
2. String defects in superfluid
A n e x a m p le  o f  s trin g  d e fe c t is v o rtic e s  in su p c r llu id  '^He. I he 
o rd e r  p a ra m e te r  w h ic h  d e s c r ib e s  th e  s u p c r n in d  p h a s e  is  a  
c o m p lex  sc a la r  f ie ld  W • in  th e  n o rm a l p h a se  y/ -  0  w h ile  m th e  
su p crH u id  p h ase  \ if/ \ ^ 0 .
Fhc free  e n e rg y  d e n s i ty  F is o f  th e  fo rm
F -  K \ V y / f  4-/31 (I)
a  is n eg a tiv e  lo r  te m p e ra tu re s  T > / ’ , an d  b e c o m e s  p o s itiv e  fo r 
T< r . P lo t o f / '  ( fo r  sp a tia lly  u n ifo rm  t / / ) is sh o w n  in F ig u re  1,
h e re  (// -  V', 4-/V '2-
Figure 1. Free energy for superiliiid ‘He
W e see th a t fo r  T>1\ , F is m m im i/c d  fo r !// =  () w h ile  in  th e  
su p c rllu id  p h ase  ( T< T^  ) / '  is m in im i/e d  lo r  I \^ r j-  y [ ^ / P  . 
C le a rly  th is  d o c s  no t fix th e  p h a se  Q o f  y/ (w h ic h  c a n  v a ry  
sp a tia lly  in a  p h ase  tra n s itio n ) . Fhis rem a in in g  d e g re e  o f  freed o m  
sp a n s  w h a t is c a lle d  a s  th e  o rd e r  p a ra m e te r  sp a c e  V, w h ic h  is a 
c irc le  5* in th is  c a se . O f  c o u rs e , an y  sp a tia l v a r ia tio n  o f  y/ w ill 
co s i e n e rg y  d u e  to  th e  g ra d ie n t te rm  in th e  e x p re s s io n  fo r F,
C o n s id e r  n o w  a re g io n  o f  su p c r llu id  w ith  th e  d is tr ib u tio n  o f  
0  on  (an d  n e a rb y )  a d o s e d  p a th  L m  p h y s ic a l sp a c e  su c h  th a t 0 
c h a n g e s  by 2/c a s  w e g o  a ro u n d  Ihe p a th  L. A s AO c a n  o n ly  
c h a n g e  by an  in te g e r  m u ltip le  o f  2 n a ro u n d  /., its v a lu e  c a n  n o t 
c h a n g e  if  w c m a k e  a sm a ll d e fo n n a t io n  o f  L  AO is th u s  an 
e x a m p le  o f  a  to p o lo g ic a l in v a ria n t w h ic h  d o c s  no t c h a n g e  u n d e r  
c o n t i n u o u s  d e f o r m a t i o n s .  It th e n  f o l lo w s  th a t  o n e  c a n  
c o n tin u o u s ly  s h r in k  L d o w n  to  a p o in t w h ile  AO a ro u n d  L 
re m a in s  2 k  (as  lo n g  as  w c d o  no t c ro s s  an y  re g io n  o f  =  0  
w h e re  0  b e c o m e s  u n d e fin e d ) . W h e n  L s h r in k s  to  a  p o in t th en  
m ust g o  to  ze ro  th e re  to  m ain ta in  fin ile  g rad ien t en e rg y  d en sity  
(eq . ( I )). T h u s , w c c o n c lu d e  th a t the  o rig in a l lo o p  L m u s t e n c lo se  
at le a s t o n e  p o in t w h e re  y/ v a n is h e s  id e n tic a lly . A s  L c a n  be 
sh ru n k  o n  any  s u r fa c e  w h o se  b o u n d a ry  is L, w e c o n c lu d e  th a t 
L e n c lo s e s  a  lin e  lik e  re g io n  w h e re  yf =  0 . S in c e  v a n is h in g  o f  yf 
im p lie s  n o rm a l p h a se  o f  *^He, o n e  o b ta in s  a s tr in g  lik e  re g io n  o f  
n o rm a l p h a se  e m b e d d e d  in  th e  su p e r f lu id  p h a se  o f  **He. T h is  is 
th e  v o rte x  in  s u p e r f lu id  *^He.
N o te  th a t in th is  e x a m p le , e x is te n c e  o f  s tr in g  w a s  re la te d  to  
th e  fac t th a t th e re  w a s  a  c lo s e d  c u rv e  in  th e  o rd e r  p a ra m e te r  
sp a c e  V (w h ic h  w a s  5 ' in  th e  a b o v e  e x a m p le ) ,  w h ic h  c o u ld  no t 
be  sh ru n k  to  a  p o in t w ith in  V. AO c a n  c h a n g e  by  2nn a ro u n d  L, 
w ith  e a c h  d if f e re n t  v a lu e  o f  in te g e r  n ( th e  w in d in g  n u m b e r  o f  
lo o p  in  V ) c o r re sp o n d in g  to  a  to p o lo g ic a l ly  d is tin c t s trin g . W h e n  
th e re  a re  su c h  n o n - i r iv ia l  lo o p s  w h ic h  c a n  n o t b e  sm o o th ly  
sh ru n k  to  a  p o in t, o n e  s a y s  th a t th e  1st h o m o to p y  g ro u p  o f  V, 
; r , ( V) is n o n - tr iv ia l .  T h e s e  id e a s  a rc  e a s i ly  g e n e ra l iz e d  to  o th e r  
h o m o to p y  g ro u p s  by  c o n s id e r in g  h ig h e r  d im e n s io n a l  s u r fa c e s  
in V w h ic h  c a n  n o t b e  sm o o th ly  sh ru n k  to  p o in t .  F o r  e x a m p le , 
K2 (V) (tc^ (V)) n o n - t r iv ia l  m e a n s  th a t  th e r e  a re  c lo s e d  2- 
d im c n s io n a l su r fa c e s  ( 3 - d in ie n s io n a l  s u r fa c e s )  in  V w h ic h  can  
n o t b e  sm o o th ly  sh ru n k  to  a  p o in t .  K^^(V) n o n - tr iv ia l  m e a n s  
th a t V is d is c o n n e c te d .
In  g e n e ra l ,  d e fe c ts  ( in  3 s p a c e  d im e n s io n s )  a rc  c la s s if ie d  in 
the  fo llo w in g  m a n n e r , For K,^{V)^ I w i th / i  b e in g  e ith e r  0 , 1 ,2  o r 
3, o n e  g e ts  a d o m a in  w a ll d e fe c t ,  a  s t r in g  d e fe c t ,  a  m o n o p o lc , o r  
te x tu re  (S k y rm io n ) , re sp e c tiv e ly . [O n e  a c tu a lly  n e e d s  to  c o n s id e r  
w h a t IS c a lle d  as  free  h o m o to p y  a s  o p p o s e d  to  b a se d  h o m o to p y  
w h ic h  IS u se d  in  d e f in in g  K^iV).  W c w ill n o t g o  in  th e se  d e ta ils . 
F o r  d e ta i ls  se e  [ I ] . ]
3. Defect formation in phase transitions
D u rin g  an y  p h a se  tra n s it io n  at f in ite  te m p e ra tu re ,  d e fe c ts  w ill 
h e  p ro d u c e d  d u e  to  th e rm a l H u c tu a tio n s . A p a rt fro m  th is  th e rm a l 
p ro d u c tio n , th e re  is a  non-cquilihrium process w h ic h  d o m in a te s  
a t lo w  te m p e r a tu r e s .  T h is  p r o c e s s  o f  d e f e c t  lo r m a l io n  is 
g e n e ra l ly  k n o w n  a s  th e  K ib b le  m e c h a n is m  a n d  a r is e s  d u e  to  a 
so r t o f  d o m a in  lo rm a t io n  a f te r  th e  p h a s e  tr a n s i t io n  w ith  d e fe c ts  
fo rm in g  a t th e  ju n c t io n s  o f  lltc se  d o m a in s  |2 J . T h is  m e c h a n ism  
w a s  o r ig in a lly  p ro p o s e d  b y  K ib b le  in  th e  c o n te x t of c o sm ic  
d e fe c t  fo rm a tio n  in th e  e a r ly  u n iv e r s e .  It w a s  s u b s e q u e n tly  
re a l iz e d  [3] th a t it a p p lie s  to  c o n d e n s e d  m a t te r  d e fe c ts  as  w e ll, 
fo r e x a m p le  d e fe c ts  in  s u p e rc o n d u c to rs , su p c r llu id  h e liu m , liq u id  
c ry s ta ls  etc.
W e w ill d e sc r ib e  th is  m e c h a n is m  by  c o n s id e r in g  a f irs t o rd e r  
p h a se  tr a n s it io n  ( th is  w ill h e  th e  c a s e  fo r  l iq u id  c ry s ta l  d e fe c t  
lo rm a t io n , as  w c  d is c u s s  la te r) . S a m e  id e a s  a p p ly  fo r  2 n d  o rd e r  
t r a n s it io n  a lso . L e t u s la k e  th e  o rd e r  p a ra m e te r  to  b e  a g a in  a 
c o m p le x  s c a la r  y/ w ith  th e  o rd e r  p a ra m e te r  s p a c e  b e in g  a  c irc le . 
W e h a v e  se e n  e a r l ie r  th a t  th e re  a rc  s i r in g  d e l 'c c ls  in  th is  c a se  
w h ich  a rc  c h a ra c te r iz e d  by  n o n - tr iv ia l  w in d in g  o f  th e  p h a se  0  o f  
V '. N o te  th a t th e  p lo t o f  F in F ig u re  I c o r r e s p o n d s  to  a  s e c o n d  
o rd e r  p h a se  tr a n s it io n . F irs t o rd e r  t r a n s i t io n  w ill h a p p e n  i f  th e re  
IS a n o th e r  lo ca l m in im u m  o f  f ' aM/^ =  0 .
A s th e  sy s te m  is s u p e r c o o le d  in th e  m c ta s ta b ic  p h a s e  w ith  
yr =  0 , th e  p h a se  tr a n s i t io n  p ro c e e d s  by  n u c lc a i io n  o f  c r i t ic a l  
b u b b le s  o f  th e  lo w  te m p e ra tu re  p h a s e .  T h e s e  b u b b le s  g ro w  a n d  
e v e n tu a l ly  c o a le s c e ,  c o m p le t in g  th e  p h a s e  t r a n s i t io n .  T h e  
m a g n itu d e  o f  y/ is f ix e d  in e a c h  b u b b le ,  b u t th e  p h a s e  0  v a r ie s  
r a n d o m ly  fro m  o n e  b u b b le  to  a n o th e r  (b e in g  ro u g h ly  u n ifo rm  
in s id e  a  g iv e n  b u b b le ) . E v e n tu a l ly , w h e n  b u b b le s  c o a le s c e ,  o n e
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IS le ft w ith  ra n d o m  v a r ia tio n  o f  6  f ro m  o n e  re g io n  to  a n o th e r , 
g iv in g  r is e  to  a  s o r t  o f  d o m a in  s t ru c tu r e  in  sp a c e . O c c a s io n a lly , 
one w ill g e t re g io n s  w h e re  6  w in d s  n o n -tr i v ia lly  a ro u n d  a  p o in t, 
lead in g  to  a  d e fe c t  th e re .
S am e  th in g  h a p p e n s  fo r  a  2 n d  o rd e r  tr a n s it io n  w ith  6  v a ry in g  
ran d o m ly  b e y o n d  th e  c o rre la t io n  le n g th . U s in g  ra n d o m  v a ria tio n  
M' 6  f ro m  o n e  d o m a in  to  a n o th e r , o n e  c a n  e s t im a te  p ro b a b ili ty  
o f  d e fe c t fo rm a tio n  p e r  b u b b le  (p e r  c o r re la t io n  v o lu m e  fo r  2 n d  
o rd e r tr a n s it io n  c a s e )  to  b e  1/4 ( f o r  tw o  s p a c e  d im e n s io n s ) . I t  is 
im p o rta n t to  re a l iz e  th a t  th is  p ro b a b i l i ty  (p e r  d o m a in )  o n ly  
d e p e n d s  o n  th e  s p a c e  d im e n s io n s  a n d  th e  to p o lo g y  o f  th e  o rd e r  
p a ra m e te r .  T h e  d e ta i l s  o f  th e  s y s te m  a re  o n ly  r e le v a n t  in  
d e te rm in in g  th e  b u b b le  (d o m a in )  s iz e  etc,
4. Experimental studies of defect formation in liquid crystals
L iq u id  c ry s ta ls  a rc  o r ie n la t io n a l ly  o rd e re d  l iq u id s  fo rm e d  by 
e lo n g a ted  (ro d  lik e ) o r  fla t (d isk  lik e ) m o le c u le s . IT iere  a rc  varie ty  
o f  liq u id  c ry s ta l l in e  p h a s e s  a n d  to p o lo g ic a l d e fe c ts  a s s o c ia te d  
w ith  th e m  |4 ] .  W e w ill o n ly  d is c u s s  n e m a tic  liq u id  c ry s ta ls  h e re  
(N L C ). In  th e  n e m a t ic  pha.se, th e  m o le c u le s  a re  lo c a lly  a lig n e d  
w h ile  in  th e  h ig h  te m p e ra tu re  is o tro p ic  p h a s e  th e  m o le c u le s  a re  
ra n d o m ly  o r ie n te d . T h e  o rd e r  p a ra m e te r  g iv e s  th e  s tre n g th  o f  
local o rd e r in g  in  th e  n e m a t ic  p h a se . Its  o r ie n ta t io n  is  g iv e n  by 
the director w h ic h  d e s c r ib e s  th e  lo c a l a x is  o f  th e  o r ie n ta t io n a l 
order. (O pposite  o r ie n ta t io n s  o f  th e  d ir e c to r  a re  id e n tif ie d , h e n c e  
the  o rd e r  p a r a m e te r  s p a c e  is  f Z2 =RP^ ( th e  p r o je c t iv e  
p lan e). T h e re  a re  s tr in g  d e fe c ts  h e re  s in c e  7t^{S  ^ / Z ,  ) =  Z 2 . 
T h ese  c o rre s p o n d  to  w in d in g  o f  th e  d ir e c to r  b y  a n g le  71: a ro u n d  
the s tr in g  d e fe c t . N o te  th a t th e  d ir e c to r  c a n  w in d  by  jc h e re  
a ro u n d  a  c lo s e d  lo o p  s in c e  o p p o s i te  o r ie n ta t io n s  o f  th e  d ir e c to r  
arc id e n tif ie d . T h e re  a re  o th e r  d e fe c ts  in th e  n e m a tic  p h a se , fo r  
ex a m p le  p o in t d e fe c ts  (m o n o p o le s ) ,  a n d  te x tu re s , se e  [4J.
E x p e r im e n ta l o b s e r v a tio n s  o f  d e fe c ts  in l iq u id  c ry s ta ls  h a v e  
a lo n g  h is to ry . T h e s e  d e fe c ts  a rc  e a s i ly  o b .serv cd  u n d e r  o p tic a l 
m icro .scopcs. U s in g  c ro s s -p o la r iz e r s ,  o n e  ca n  al.so d e te rm in e  
the w in d in g  n u m b e r  o f  th e s e  d e fe c ts . T h e  f irs t e x p e r im e n ta l 
s tu d y  o f  th e  e v o lu t io n  o f  s t r in g  n e tw o rk  fo rm e d  in a  p h a se  
tra n s it io n , w h ic h  w a s  e x te n s iv e ly  s tu d ie d  th e o re tic a lly  fo r  th e  
case  o f  c o s m ic  s t r in g s , w a s  c a r r ie d  o u t b y  C h u a n g  et al. |5 ] .  
T h ey  u se d  a p re s s u re  c e ll to  c a r ry  o u t th e  is o tro p ic -n e m a tic  
tra n s it io n  a n d  o b s e rv e d  th e  s c a l in g  b e h a v io r  o f  s tr in g  n e tw o rk .
K ib b le  m e c h a n is m  fo r  d e f e c t  p r o d u c t io n  le a d s  to  tw o  
im p o rtan t p re d ic tio n s . O n e  is  a b o u t  th e  d e n s i ty  o f  d e fe c ts  p e r  
d o m a in  (b u b b le ) , a n d  th e  o th e r  re la te s  to  c o r r e la t io n s  b e tw e e n  
d e fe c ts  a n d  a n t i d e f e c t s .  I m p o r ta n t  th in g  is  th a t  th e s e  a re  
u n iv e rsa l p re d ic t io n s  in  th e  s e n s e  th a t th e y  d e p e n d  o n ly  on  th e  
sp ace  d im e n s io n  a n d  th e  o rd e r  p a ra m e te r  sp a c e . T h u s , ev e n  
th o u g h  th e  K ib b le  m e c h a n is m  w a s  p ro p o s e d  fo r c o s m ic  d e fe c ts  
in th e  c o n te x t  o f  th e  e a r ly  u n iv e r s e ,  o n e  c a n  c h e c k  th e s e  
p re d ic tio n s  in  th e  la b o r a to r y  in  c o n d e n s e d  m a t te r  sy s te m s . W e 
n o w  d is c u s s  tw o  e x p e r im e n ts  w h e re  th is  h a s  b e e n  d o n e  by  
s tu d y in g  d e fe c t  p ro d u c t io n  in  n e m a t ic  l iq u id  c ry s ta ls .
Density of defects:
A n  e x p e r im e n ta l v e r if ic a tio n  o f  th e  p re d ic tio n  o f  d e fe c t  d e n s ity  
f ro m  K ib b le  m e c h a n is m  w a s  c a r r ie d  o u t in a  w o rk  re p o r te d  in 
R ef. 161. T h is  w a s  a c h ie v e d  b y  c o u n tin g  th e  d e n s i ty  o f  s tr in g s  
p ro d u c e d  in  a  n e m a tic - i.so iro p ic  pha.se tr a n s it io n . T h is  s tu d y  
w a s  d o n e  by p la c in g  a  d ro p  o f  N L C  K 15 o n  a  c le a n , u n tre a te d  
m ic r o s c o p e  s l id e .  T h e  d ro p  w a s  h e a te d  b y  a n  i l lu m in a to r . 
F o llo w in g  a  s lo w  re d u c tio n  o f  lig h t in te n s ity  w e  w ere  a b le  to  
o b ta in  g o o d  im a g e s  o f  b u b b le  F o rm atio n  a n d  e v o lu tit in  as  the  
d ro p  c o o le d  th ro u g h  th e  is o tro p ic -n c m a tic  p h a se  tra n s it io n  at 
35.3^'C . F ig u re  2 sh o w s  a  ty p ic a l .seq u en ce  o f  im a g e s  w h e re  o n e  
; c a n  s e e  th e  b e g in n in g  o f  th e  p h a s e  t r a n s i t io n  b y  b u b b le  
> n u c le a t io n . S u b s e q u e n tly , b u b b le s  c o a le s c e  a n d  le a d  to  th e  
j fo n n a t io n  o f  s tr in g  n e tw o rk . S ir in g  n e tw o rk  c o a rs e n s  as  s tr in g s  
\ s h r in k . O b s e rv a t io n s  o f  s tr in g s  p ro d u c e d  p e r  b u b b le  is fo u n d  
1 to  be  in g o o d  a g re e m e n t w ith  th e  th e o re tic a l p re d ic tio n s  16].
Figure 2. Various stages ol defee! formation Starling fioni left, first 
figure shows nucleation of bubbles of broken syninieiry pha.^c (ncmatiL 
phase in the liquid crystals) Second picture shows dense network of sinng 
defects formed due to coalescence of bubbles Third picture shows how the 
string network coarsens as strings shnnk and string loops decay
Defvvt-antidcfect correlations :
K ib b le  m cchan i.sm  prcdict.s th e  cxi.stcncc o f  c o rre la tio n s  b e tw een  
d e fe c ts  a n d  a n tid c fe c ls  fo n n e d  d u r in g  a p h a se  tra n s it io n . In  a  
g iv e n  r e g io n  c o n ta in in g  N d e f e c t s  a n d  a n t id e f c c ts  o n  th e  
a v e ra g e , if  d e fe c ts  a n d  a n tid e fc c ts  w e re  u n co iT c la ted  th en  one
e x p e c ts  th a t th e  n e t d e fe c t  n u m b e r  AN  w ill be
d i.stributed  ab o u t ze ro  w ith  a  w id th  ~ TTic K ib b le  m ech an ism  
p re d ic ts  sp e c if ic  d e fe c t c o r re la t io n s  so  th a t the  w id th  o f  the  
d is tr ib u tio n  o f  AN  v a r ie s  as
T h e  e x p e r im e n ta l v e r if ic a tio n  o f  th is  p re d ic tio n  h a s  b een  
c a rr ie d  o u t in  a w o rk  re p o r te d  in R ef. [7]. D e fe c ts  an d  a n tid e fc c ts  
a re  id e n tif ie d  u s in g  c ro s s -p o la r iz e r s  a n d  by u s in g  to p o lo g ic a l 
a rg u m e n ts .  F ig u re  3 s h o w s  a p h o to g r a p h  o f  a  p o in t d e fe c t
Figure 3. Observations of liquid crystal defects using cross-polanzcr.s 
Crossings of brushes correspond to defects with windings ± 1.
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network observed using cross-polarizers. Crossing of dark 
brushes corresponds to defects with the director winding by 
2n around the defect.
After identifying the windings of defects, distributions of 
AN arc plotted for different average values of N sNj + N^, 
and the widths of these distributions are determined. We check 
the following scaling relation
(T = C/V'. (2)
In the absence of any correlations between defects and 
antidefects, v should be 1/2. Kibble mechanism predicts v= 1/4. 
Prediction of C from the Kibble mechanism is less constrained 
(it depends on the shape of elementary domains etc.). One 
expects that C=0.57 or 0.71.
Our experimental results lead to the following values for v 
and C.
v = 0.26 ±0.11, C = 0.76 ±0.21. (3)
These experimental results are in very good agreement with 
the predictions of the Kibble mechanism and clearly rule out 
uncorrclatcd dcfcct-antidefcct production.
5. Conclusions
The interdisciplinary nature of the subject of topological defects 
has led to a valuable interplay of ideas from various branches of 
physics. It has led to the remarkable possibility of checking 
predictions relating to cosmic defects in condensed matter 
systems. Topological defects can be experimentally studied using 
rather simple experimental setups such as nematic liquid crystal 
experiments described here. This opens up the opportunity for 
doing table top experiments which can lead to important checks 
on the theories of defect formation.
1 would like to thank the organizers and other participants 
for a great conference.
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